Introduction
Histologically identifiable diseases including liver neoplasms are found at relatively high frequencies in some teleost fish from highly contaminated sites, including Puget Sound, Washington, Boston Harbor, Massachusetts, and the Black River, Ohio. These areas have high concentrations of aromatic hydrocarbons, chlorinated hydrocarbons, pesticides and/or metals in the sediments (1) (2) (3) . Bivalve mollusks, which inhabit similarly contaminated sites, also bear proliferative diseases that may be neoplastic (4) . The co-occurrence ofhigh levels ofenvironmental chemicals and neoplastic diseases in animals from these locations suggests that the chemicals could be causing these diseases.
Polynuclear aromatic hydrocarbons (PAHs) present in high amounts at these sites include benzo(a)pyrene, benzofluoranthenes, benzanthracenes, and others (1, 5) . Studies have shown that some compounds of this group are carcinogenic in mammalian species. Benzo(a)pyrene (BaP) and other PAHs have been shown to be carcinogenic also in some fish species (6, 7) , and extracts of sediments from sites highly contaminated with PAHs have elicited neoplasms in two species of fish artificially exposed to such extracts (8) . Such evidence strongly indicates that these compounds may be involved in some environmental neoplasms in fishes.
Many chemical carcinogens are procarcinogens, requiring activation to carcinogenic derivatives by metabolic processes. Oxidative metabolism is frequently the initial step in biotransformation. It can lead not only to activation of certain procarcinogens and noncarcinogenic protoxicants but also to the inactivation of toxic compounds. This oxidation is catalyzed mainly by two major groups of microsomal monooxygenase or mixed-function oxidase enzymes: the heme protein cytochrome P-450 monooxygenases and the flavoprotein monooxygenases.
The essential role of biotransformation in activation of aromatic hydrocarbon carcinogens was most elegantly demonstrated for activation of BaP by cytochrome P-450. particular isozyme ofcytochrome P-450 and by epoxide hydrolase lead to formation of several isomeric dihydrodiol-epoxide structures (9) , one of which is known to be the most potent carcinogenic derivative of BaP (10) (Fig. 1 ). This activation pathway has been confirmed for other polynuclear aromatic structures as well, leading to the bay region theory of carcinogenesis involving these compounds (10 basic biochemistry ofthe microsomal cytochrome system and its functions in aquatic species has been described in considerable detail in earlier reviews (15) (16) (17) .
A key feature of cytochrome P-450 systems in both fish and mammals is their inducibility by chemical substrates for the enzymes/and by structurlly related compounds. (18) . One form purified from liver of several species has been identified as the P-450 form primarily induced by PAHs and chlorinated hydrocarbons ( Table 3 ). The three enzymes best studied to date, scup P-450E, trout P-450LM,, and cod P-450c, are structually similar. These enzymes have also been identified as the catalysts responsible for those monooxygenase activities that are srongly induced in fish by hydrocarbons (24) . The structures ofthose adducts include one derived from a 7,8-diol-9,10-epoxide of BaP (25) . Table 4 lists BaP metabolites formed in vitro by microsomal preparations from several organs of the marine fish scup (Stenotomus chrysops). Cytochrome P-450E can be induced in all these organs in scup (27) . The profile of metabolites formed by P-450E purified from scup (Table 4) shows that this enzyme could account for the formation ofthese particular metabolites in these respective organs.
Cytochrome P-450E has a preference for metabolism on the benzo-ring of BaP. This same preference for benzo-ring metabolism is also exhibited by the PAH-inducible P-450 purified from rainbow trout (28), and by the major PAHinducible fonns from mammalian species (9, 29) . The catalytic properties of PAH-inducible cytochrome in P450 fish suggest that this protein could activate at least some PAH carcinogens that are activated according to the scheme in Figure 1 . Antibodies that inhibit fish PAH-inducible have P-450s confirmed that these P-450s are primarily responsible for metabolizing aromatic hydrocarbon carcinogens in teleost microsomal systems. For example, antibodies to scup cytochrome P-450E almost completely inhibit the metabolism ofBaP by liver microsomes ofvarious fish species.
Antibodies and cDNA Probes
Reciprocal studies with monoclonal and/or polyclonal antibodies prepared to scup P-450E, trout P-450LM4, and cod P-450, have demonsrated a close immunological relationship between the teleost proteins, consistent with their catalytic similarities and their similar response to inducers (27, 30 ). Antibodies to teleost P-450s cross-react with proteins specifically induced by PAHs or PCBs in a large number of fish species. Moreover, these teleost P450 forms show similarities to the mammalian PAH-inducible P450 forms such as rat P-450c. Monoclonal antibody made against scup P-450E recognizes single proteins induced by PAHs or PCBs in every vertebrate species examined to date, including fish, reptiles, birds, and mammals (27) .
Recently, a DNA probe (a cDNA) derived from 3-methylcholanthrene-trated rainbow trout liver has been cloned and sequenced (31) . The sequence analysis confirmed that the hydrocarbon-inducible cytochrome P450s from fish can be classified with the hydrocarbon-inducible cytochrome P450 IA enzymes from mammals (27) ." The fish P450s are apparently counterparts of hydrocarbon-inducible mammalian P450 IAl enzymes, such as rat P450c and mouse P,450. The DNA probe hybridizes with genomic DNA and mRNAs induced by PAHs from various species including brook trout, scup, catfish, Fundulus, garter snake, turde, bullfrog, quail, and rat (32, 33) . These results show that sequence similarities occur in P450 LAI genes in many vertebrates, a structural similarity that corroborates the antigenic similarities of the proteins.
Some mammalian P450 IAl proteins have been proven to transfom PAHs to carcinogens. Similarities between the mammalian and fish P450s further suggest a role for fish P450s in PAH carcinogen activation. P450 IA proteins also occur in humans (34) , indicating there may be common pathways ofPAH carcinogen activation from fish to man.
Induction Evaluated with Antibody and cDNA Probes he results described above indicate that the cross-reactive antibodies to the teleost P450, and the cDNA probe, may be used for analysis of P450 in many vertebrate species. Induction of cytochrome P450 IA forms in fish can thus be evaluated by analysis of specific mixed function oxidase catalytic activity (e.g., EROD activity) protien detected immunochemically, and mRNA detected with cDNA probes.
A number of studies have analyzed the induction response in fish in order to define the characteristics of induction and to validate and compare the different methods for detecting induction in various species. Detailed studies have now been accomplished in several fish species including rainbow trout, scup, and the killifish (Fdw dsheteo citus). Figure 2 presents results of such a study in scxup. Increases in P450 protein and P450 mRNA are readily apparent within 1 to 2 days after a single treatment with (3-naphathoflanone (BNF).
*'he nomenclatu of teleost P450s is not established. Based on catalytic, regulatory, immunological, and sequence properties, scup P-450E and trout P450LM4 are considered to be telewst tepentatves ofP-450 Al (27) . PAWinducible P-450 in other fish species are considered to be in the P450 IA subfmily, but cannot be identified as P-450 IAa without firther charcterization. Werefer to these as P-450 IA proteins, or as "P-450E" counterparts when anti-P-450E was used in their analysis. More detailed studies in killifish and rainbow trout showed that the induction of P-450 protein followed the induction of P-450 mRNA with a considerable lag time of 12 hr or more (32, 33) . The lag times in induction of protein levels are greater than in mammalian systems. Yet, the results are consistent with transcriptional regulation ofthe initial stages of P-450 IAI induction in fish, as it is in mammals. Changes in the levels of EROD activity parallel almost exactly the changes in P-450 IA protein (32) , consistent with the identity of this protein as the EROD catalyst.
The studies in killifish have also revealed that P450 IA levels induced by PAH-type inducer BNF remain high long after the levels of mRNA have returned to control values (32) . The mechanism(s) for maintaining these enzyme levels is unknown. Studies in scup have indicated that elevated mRNA levels also persist in fish treated with PCBs (35) . A distinction between mRNA persistence in hydrocarbon (BNF) and PCB-treated fish may be related to the slower metabolism and elimination of the chlorobiphenyl inducer, which could continue to stimulate mRNA synthesis. Assessing induction by use ofcatalytic activity, antibodies, and cDNA probes may yield different results depending on the nature of the inducing compound and how long after exposure or treatment the activity is measured.
Environmental Induction and Monitoring
Monitors or early warning sentinels to identify and define areas of conmmination could be extremely important in analysis ofgroundwater aquifers, surface water lakes, reservoirs, rivers, and oceanic systems. Many ofthe indices proposed years ago are begining to yield fruit. More than a decade ago techniques were proposed that analyzed pollutants or their metabolites in fish bile (36) . More recent studies have supported the idea of using fish bile analysis as a direct measure of contaminant exposure (37) and the relative degree of chemical contamination of aquatic systems.
Monooxygenase (P450) induction has also long been suggested to indicate the exposure oforganisms to contaminants in the environment (38, 39) . Earlier studies on environmental induction of cytochrome P450 emphasized the analysis of catalytic activity. More recently, antibodies to the PAH-inducible cytochrome P-450 from fish have been used to demonstrate unambiguously that P-450 IA forms are elevated in fish from contaminated regions. These more recent studies also sought to relate the degree of induction to the levels of suspected inducing agents in the organisms themselves.
Several recent studies with different fish species and in different parts ofthe world have revealed correlations between the levels of induced cytochrome P450 and levels ofPCBs either in the organisms or in their immediate environment. Studies in the flounder Plafichthysflesus from Langsundsgfjord, Norway (40) , in stLrry flounder (Platichthys stellatus) from San Francisco Bay (Stegeman et al., unpublished observations), and in rattail' (Coryphaenoides armatus) from the deep ocean (41) have all shown close correlation between the levels of induction of "P-450E" in liver microsomes and the levels of total PCB residues (Table 5 ). In the two flounder species, the relationship between P-450E and PCB content in fish from 4 to 5 sites was 0.992 (for P flesus) and 0.996 (P stellatus). Results in lake trout larvae have also correlated mixed-function oxidase induction with PCB content (42) . Other fish studies have shown that levels ofliver microsomal cytochrome P450E also correlate with contamination by PAH (43, 44) . The growing number of such studies provides a consistent picture, confirming the idea that the levels (46) .
There is no apriori reason to expect that animals with tumors would have higher liver "P-450E" content than animals without tumors. The carcinogen metabolism leading to initiation ofcarcinogenesis would be expected to occur months or years in advance of the end-stage disease. One might actually predict that livers with advanced disease would have less P450 activity. In some mammals, neoplastic and preneoplastic cells in diseased organs have diminished capacity for metabolizing foreign chemicals (47) . Studies using immunohistochemistry to analyze winter flounder from Boston Harbor have shown abnormal cells (abnormally vacuolated cells and basophilic cells) in livers of diseased flounder have reduced levels ofcytochrome "P450E" (48) . Similar observations have been obtained with experimental tumors in trout (49) . Regardless ofcorrelation between the levels of induced cytochrome P450 and the presence of neoplastic disease, there is strong evidence that levels ofinduced ofP450 in fish correlate with levels ofaromatic and chlorinated hydrocarbons in the environment.
Monooxygenases and Carcinogen Metabolism in Invertebrates
The properties of microsomal enzyme systems, including the rates and patterns of xenobiotic metabolism, in marine invertebrates have been detailed in a number of recent reviews (16, (50) (51) (52) . There are some features of microsomal electron transport components and monooxygenase activity that have been seen consistently in mollusks and crustaceans.
First, the levels ofcytochrome P450 in mollusks and crustaceans are comparable to those seen in some untreated fish (although as discussed earlier, the levels ofcytochrome P450 in fish vary markedly with exposure to inducers). Second, molluscan and crustacean microsomal enzymes also transform a diverse suite of foreign chemicals, including aromatic hydrocarbons. Third, the rates of hydrocarbon metabolism detected in Witro in these invertebrate systems are usually lower (1 to 2 orders ofmagnitude) than those seen in most teleost fish liver preparations. Studies have repeatedly found low rates of PAH metabolism in bivalve mollusks. However, difficulties involved in the preparation ofcatalytically competent microsomes from some crustacean tissues (Si) complicate interpretations of their relative rates of in vitro hydrocarbon metabolism. Nevertheless, data obtained using conditions that circumvent the presence ofendogenous inhibitors and/or the possibly low rates of NADPH-cytochrome P450 reductase (Si) indicate that the potential rates of PAH metabolism in crustaceans fall between those in molluscan and fish groups. (53, 54) . Fish, on the other hand, form the hydroxylated derivatives described above.
The different patterns ofmetabolites probably reflect different mechanisms acting in PAH transformation in mollusks and fish.
Fish rely predominantly on cytochrome P450 acting in epoxide formation, while PAH metabolism in mussels has been suggested to occur by radical oxidation, possibly involving oxygen radicals (53, 55) . Cytochrome P-450 could participate in such metabolism, but the catalysts involved in formation of BaPquinones by mollusks have yet to be identified.
Variable amounts of other in vitro BaP metabolites made by mollusks have been identified. They include dihydrodiols at the 7,8-and the 9,10-positions (53, 54) . These products are presumably formed by some action of cytochrome P450. Their rates of formation appear to be extremely low in M. edulis, further indicating a minor involvement of cytochrome P-450 in metabolism of aromatic hydrocarbons. However, there are reports ofhigh percentages ofBaP dihydrodiol formed by some hydrocarbon-eated mollusks, a phenomenon that merits further study (56) .
Crustacean cytochrome P450 fractions form a suite of BaP products, including benzo-ring dihydrodiols, quinones, and phenolic derivatives (Si). The formation rates may be artificial, since the P450 preparations were fortified with reductase or involved hydroperoxides. The patterns nonetheless indicate the potential for crustacean P450 to be involved in activation of such compounds.
Mollusks metabolize PAH quite slowly, but they transforw some other types offoreign compounds, notably some aromatic amines, more efficiently. Activation ofpromutagenic compounds such as acetylaminofluorene by molluscan enzyme preparations provided the first evidence for aromatic amine metabolism in this group (57, 58) . In mammalian systems, some aromatic amines are activated by flavoprotein monooxygenases as well as by cytochrome P450 (14) . Studies have now shown that flavoprotein monooxygenase systems are present in mollusks and that catalytic rates with some substrates are relatively high.
Involvement of procarcinogen activation in invertebrate diseases has not yet been shown. Since mollusks can only minimally metabolize BaP to benzo-ring derivatives, activation ofaromatic hydrocarbons by diol-epoxide pathways is probably insignificant. BaP quinones could exert some mutagenic activity (60) . In addition, alternate pathways possibly involving peroxidase activity might activate PAHs to diolepoxides (61) . But it is not yet known whether these pathways of PAH metabolism operate in mollusks in vvo.
Compounds other than PAHs including aromatic amines, could be involved in disease processes in mollusks. As stated earlier, several investigators have reported that molluscan tissue preparations can activate aromatic amines to mutagenic derivatives (57, 58) . Furthermore, DNA adducts ofsome ofthese compounds have been detected in mollusks (62) . Although epidemiological evidence might support a relationship between environmental levels ofconUtminant residues and the appearance ofproliferative lesions in mollusks (63) . But possible underlying mechanisms are not known.
Mollusks are proven, useful indicators of bioavailable levels ofcontamination, involving direct analysis ofpollutant residues, due to the low activity oftheir metabolic systems. But based on our present knowledge, there is little potential for using monooxygenase activity or cytochrome P-450 levels in mollusks, or crustaceans, to indicate their exposure to compounds such as the aromatic and chlorinated hydrocarbons. This is due to the lack of any convincing evidence for induction of specific cytochrome P-450 isozymes or of monooxygenase activity, by any of the hydrocarbon inducers known to be active in the vertebrates. Cytochrome P450 forms have been partially purified from crustaceans (64, 65) , but the relationship of these crustacean cytochrome P-450s to those in fish or ma ls is unknown. The presence of any cytochrome P450 related to PAH-inducible vertebrate proteins is also unknown in mollusks. DNA and RNA related to the clofibrate-inducible mammalian P450 IVAI form have been identified in mussels (52) , but the function and possible regulation of this invertebrate P450 are unknown.
Consequences of Cytochrome P-450 Induction
The rates and pathways of PAH metabolism in fish and invertebrates can have an impact on the organisms themselves and could be important for the consumers of these organisms, who may be ingesting carcinogens as well. The first impact derives from the fact that foreign compound metabolism can determine carcinogen activation. These same processes can determine the identity and levels ofparent compound and ofmetabolite residues in these organisms. Induction of P450 can influence both aspects.
As detailed above, activation ofmany procarcinogens requires the function ofcytochrome P450. A cell or organ devoid ofthe requisite catalyst will not transform a compound into a carcinogen. Evidence indicates that cytochrome P4501A proteins catalyze PAH activation in fish and that this protein is synthesized primarily and possibly solely in response to the presence ofexogenous inducers. Some degree of P4501A induction may therefore be a prerequisite for the activation ofprocarcinogenic hydrocarbons in the environment.
Carcinogenic compounds such as PAH that are active inducers are the prominent compounds in some regions. Greater P450 induction could contribute to a higher steady-state level ofactivated carcinogens and consequently to a higher degree ofpersistent and relevant DNA adduct fonnation or to enhanced oxidative DNA damage. Greater induction could therefore enhance the initial steps involved in carcinogenesis. It is noteworthy that there is a correlation between induction and carcinogenesis in mammals (66) 
Significance to Consumer
The risk associated with consuming fish from contaminated environments will depend largely on the type and amount of those compounds accumulated ftom the environment. Rates of xenobiotic metabolism can affect the identity and levels ofcarcinogenic and noncarcinogenic compounds remaining in the animals. Induced levels of P450 in fish can also alert us to the presence of such contaminants. Certinly, the correlations noted above indicate that the levels of "P450E" can be closely related to levels of some foreign chemical residues in fish. But interpretations regarding residues still present in the fish could differ for PAHs as opposed to PCBs and other chlorinated hydrocarbons.
PAM Carcinogens
In environments where there are carcinogenic PAHs induction could indicate exposure to those compounds. Induction does not require that the unmetabolized parent compounds would still be at high levels in the tissues of fish showing high induction. Studies carried out more than 10 years ago clearly showed that animals with active hydrocarbon metabolism accumulate lower levels of parent PAH (67) . The higher rates of metabolism associated with induction ofthe hydrocarbn metabolizing P450 can enhance the rates ofPAH elimination. The detection ofhigh levels ofhydrocarbon metabolites in the bile of fish exposed to hydrocarcons is consistent with this (68, 69) . Highly induced animals can be expected to have lower levels of PAHs in their tissues than either animals which are not induced or those that have inherently lower rates ofhydrocarbon metabolizing activity.
The relative concentrations ofPAHs in invertebrates and fish are in keeping with the idea that metabolic rates will influence these concentations. Numerous investigations have reported relatively high levels of PAH residues in molluscan tissues, intennediate levels of these compounds in crustaceans, and low levels in fish. This was illustrated in a study by Dunn et al. (70) , who reported he levels ofBaP in commercial samples offish and shellfish. Tkble 6 shows that content ofBaP is inversely related to the rates of in vitro BaP metabolism expected in fish and shellfish. The potential risk associated with parent PAH carcinogens in seafood would thus appear to be greater with invertebrates, which are less able to metabolize these compounds.
There could still be risk associated with consumption of fish 
Chlorinated Hydrocarbons and Promoters
Rates ofPAH metabolism can apparently influence the levels ofPAH carcinogens in marine species and therefore modify the risk associated with their consumption. However, other classes ofcompounds that are not readily metabolized could contribute to carcinogenic risk. Some environments with relatively low levels of PAH contain high levels of PCBs, dibenzofurans, and dioxins. These latter compounds may include carcinogens (73) , but many are known to be tumor promoters (73) . The presence ofthese compounds in fish or shellfish could pose a risk ofcarcinogenesis for consumers, whether or not carcinogens are also present in that same component of the diet. Although the metabolism of these chlorinated compounds in fish is less well known than that of PAHs, some are metabolized much more slowly than PAHs. These slowly metabolized compounds can accumulate to appreciable levels in fish (74) as well as in mollusks and crustaceans. PCBs, dioxins, and dibenzofurans are also potent inducers of P-450 IA forms in fish. Induced levels of such P-450 forms can alert us to the presence ofthese compounds, as well as to PAHs.
In addition to compounds that induce P450 IA, there are compounds present in many polluted environments and seafood that may be promoters or initiators of carcinogenesis in mammals, but which do not induce P450 IA proteins in fish. Such compounds include some chlorinated pesticides and metals (Table 7) . Direct-acting carcinogens (not requiring transiormation) that are not P-450 inducers might also occur in aquatic resources. However, it is probable that in most environments where contamination is of concern, compounds that induce P-450 IA would co-occur with carcinogens or promoters that do not act as inducers.
The involvement of tumor promoters and direct-acting carcinogens in the development of tumors in fish in contaminated regions is an unexplored subject. As with PAHs the danger these compounds may pose to seafood consumers is also unknown. Many noncarcinogenic compounds in seafood could pose a greater risk to health than carcinogens. Induction of P450 IA forms in tissues of fish can clearly indicate contamination by many potentially hazardous compounds. Further studies are needed to identify the specific compounds actually responsible for P450 induction in various environments and the sensitivity of fish to these compounds. Studies are also needed on P-450 forms other than P450 [Al and their responses to pollutants in fish and invertebrates. Such studies will improve our ability to interpret P-450 induction as an indicator of contaminant levels and possible risk to seafood resources and consumers.
